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Abstract
Background: Antiretroviral Treatment (ART) significantly reduces HIV transmission. We conducted a cost-effectiveness
analysis of the impact of expanded ART in South Africa.
Methods: We model a best case scenario of 90% annual HIV testing coverage in adults 15–49 years old and four ART
eligibility scenarios: CD4 count ,200 cells/mm
3 (current practice), CD4 count ,350, CD4 count ,500, all CD4 levels. 2011–
2050 outcomes include deaths, disability adjusted life years (DALYs), HIV infections, cost, and cost per DALY averted. Service
and ART costs reflect South African data and international generic prices. ART reduces transmission by 92%. We conducted
sensitivity analyses.
Results: Expanding ART to CD4 count ,350 cells/mm
3 prevents an estimated 265,000 (17%) and 1.3 million (15%) new HIV
infections over 5 and 40 years, respectively. Cumulative deaths decline 15%, from 12.5 to 10.6 million; DALYs by 14% from
109 to 93 million over 40 years. Costs drop $504 million over 5 years and $3.9 billion over 40 years with breakeven by 2013.
Compared with the current scenario, expanding to ,500 prevents an additional 585,000 and 3 million new HIV infections
over 5 and 40 years, respectively. Expanding to all CD4 levels decreases HIV infections by 3.3 million (45%) and costs by $10
billion over 40 years, with breakeven by 2023. By 2050, using higher ART and monitoring costs, all CD4 levels saves $0.6
billion versus current; other ART scenarios cost $9–194 per DALY averted. If ART reduces transmission by 99%, savings from
all CD4 levels reach $17.5 billion. Sensitivity analyses suggest that poor retention and predominant acute phase transmission
reduce DALYs averted by 26% and savings by 7%.
Conclusion: Increasing the provision of ART to ,350 cells/mm3 may significantly reduce costs while reducing the HIV
burden. Feasibility including HIV testing and ART uptake, retention, and adherence should be evaluated.
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Introduction
After over 30 years, we still find ourselves struggling to address a
Human Immunodeficiency Virus (HIV) pandemic in which over
30 million people have died [1] [2]. In 2010, estimated 34 million
people were living with HIV with 67% in sub-Saharan Africa [3].
Although approximately 47% of people who need treatment are
getting it, universal access to treatment still remains a dream for
millions [3,4]. By the end of 2010, 6.6 million people were on
antiretroviral treatment (ART), but 7.6 million in need lacked
access, and in 2010 there were an estimated 2.7 million new HIV
infections [3] [4] [5]. Without substantial improvements in
prevention, we are unlikely to meet access targets for life-saving
ART with a projected 47.5 million cumulative HIV infections by
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most settings. Behavioral strategies have failed to control
generalized epidemics, despite evidence of good effectiveness for
strategies targeted to high risk situations [7,8]. Biomedical
interventions have been disappointing; one review found that
out of 27 randomized controlled trials including vaccines,
microbicides, and herpes suppression trials, 22 failed to show
efficacy [9,10,11,12]. Positive trials include three for male
circumcision, which in modeling studies shows prevention
potential that is large but insufficient to interrupt the epidemic
[13]. More recently randomized controlled trials on the use of pre-
exposure prophylaxis (PrEP) and ART to prevent HIV transmis-
sion in serodiscordant couples have provided positive results [14]
[15,16,17] and the overall situation has increased interest in the
potential prevention role of ART [18,19].
There is growing scientific evidence that supports the use of
ART for the prevention of HIV transmission. Viral load is the
greatest risk factor for HIV transmission and lowering the viral
load is essential to interrupting transmission [20,21]. Sexual
transmission of HIV-1 is rare among persons with levels of less
than 1500 copies of HIV-1 RNA per milliliter [20,22,23]. ART
dramatically lowers viral load and numerous observational
studies have demonstrated its potential for prevention of HIV
transmission [22,24,25,26]. In Uganda testing and counseling
combined with ART reduced transmission risk by 98% [24]. A
2009 meta-analysis including 11 cohorts (5021 heterosexual
couples) found zero risk of sexual transmission while on ART for
HIV-1 ribonucleic acid below 400 copies and an overall 92%
reduction in transmission risk per person-year for those on ART
versus untreated individuals [27]. A 2010 randomized controlled
study of genital herpes simplex virus (HSV-1) treatment among
HIV-serodiscordant heterosexual couples in Africa found a 92%
reduction in transmission if the HIV-positive partner was on
ART [22]. In May 2011, the HPTN 052 trial comparing
immediate antiretroviral treatment below 550 CD4 mm
3 with
delayed treatment for the HIV positive partners in discordant
couples was stopped 4 years early due to compelling evidence
that early treatment reduces HIV transmission in discordant
couples by 96% [14]. The scientific evidence also suggests a
significant community-level impact of ART on HIV transmission
and in British Columbia lower HIV incidence among injecting
drug users is associated with ART use and a decrease in
community plasma HIV-1 RNA concentrations [28]. A 2004
study from Taiwan found a 53% reduction in new HIV cases
associated with free access to ART [29]. A recent San Francisco
study found that the number of new HIV diagnoses fell by 45%
between 2004 and 2008, as average HIV viral load fell by 40%
[30].
Models suggest large potential epidemic effects with expanded
ART. Early theoretical analyses demonstrated that rapid scale-up
of conventional ART approaches could significantly reduce
mortality [31] and have a substantial impact on HIV incidence
[19,32]. Others concluded that expanding access to ART could
foster the proliferation of ARV-resistant strains [33]. A recent
model of the potential impact of ART, using available data and
focusing on a generalized heterosexual HIV epidemic in South
Africa, found that expanding access to ART for everyone at CD4
count ,350 cells/mm
3 could have a significant impact on
morbidity, mortality and HIV incidence. Expanding beyond to
all CD4 levels with combined prevention interventions resulted in
a 95% reduction in HIV incidence in 10 years [18]. More recently
the HIV Investment Framework Study Group incorporated the
prevention impact of increased access to ART in their investment
approach for an effective response to HIV/AIDS [34].
There has been an unprecedented investment in confronting the
HIV pandemic–UNAIDS estimated the investment at $13.8
billion in 2008, including half domestic, one third bilateral, one
eighth multilateral, and 5% philanthropic and more recently in
2011 at 16.6 billion [35] [34]. More recently, UNAIDS estimates
that 22 billion annually will be needed to meet targets including
placing 15 million people on ART by 2015 [34] [36]. In 2009 at
the L’Aquila Summit, the G8 confirmed its support for achieving
universal access to HIV prevention, care and treatment [37]. The
global health leadership recently recognized the benefits of earlier
ART. In November 2009 the World Health Organization revised
its ART guidelines to include a CD4 threshold of 350 cells/mm
3
[38]. This translated into an estimated 50% increase in the
number of people needing ART, compared to need under the pre-
2009 guideline of 200 CD4 cells/mm3. Given the current shortfall
in ART access, achieving universal access would require a major
effort to reach the millions of people who are immunocompro-
mised but not on treatment. The new guidelines have raised
questions regarding the short-term economic feasibility of
delivering life-saving ART, and the long-term implications for
epidemic trends and costs.
In 2008, South Africa adopted a policy of providing 80% of
HIV-infected individuals with care and support [39] and more
recently has adjusted its ART guidelines to increase earlier access
to treatment [40]. Although some studies have examined financing
the HIV/AIDS response, the net economics of expanding ART,
have not been formally assessed for Southern Africa. [41] [42] [43]
[34,44] [45] [34], except for one recent study comparing CD4
thresholds ,350 cells/mm
3 with ,200 cells/mm
3 [46]. In the
past, the cost-effectiveness of HIV prevention and of treatment
have been contrasted, to inform the mix of investment in these
apparently distinct activities [47]. This generated considerable
controversy, because of the implication that treatment for sick
individuals could be displaced in favor of more cost-effective
prevention [48]. Expanding access to ART to those earlier in
disease in South Africa offers an analytic and policy opportunity to
align the dual missions of helping sick individuals and lowering the
future societal burden of disease. It also provides insights into the
potential health and economic gains from a ‘front loaded’ HIV
control investment strategy. The analysis presented here assesses
the potential net health system cost, health benefit, and cost-
effectiveness of ART for prevention in South Africa.
Methods
Overview
This economic analysis adds a detailed health system and
costing framework to a previously published [18] and updated
epidemic model (see Information S1 document). We examine four
ART coverage scenarios, defined by the CD4 level at which ART
is offered, up to universal ART. All scenarios include average
annual HIV counseling and testing (HCT). Inputs include
demographic factors, current HIV epidemiology and ART use,
and the utilization and costs of health services off and on of ART.
Outcome measures include new HIV infections, deaths, disability
adjusted life years (DALYs), and cost. Scenarios are compared
incrementally to assess net cost or savings and, for scenarios with a
net cost, cost-effectiveness. The time horizon is 40 years (2011–
2050), with interim 5 year and annual results. Analyses are
repeated for current and enhanced combination HIV prevention.
Sensitivity analyses are performed for all input values. HIV
infections and deaths are reported in nominal values, without
discounting (costs and DALYs are discounted as note below). The
HIV testing and ART interventions are assumed to scale up over
Expanding ART for HIV Treatment and Prevention
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assess the impact of uncertainty on results. Methods are
summarized below, with additional detail in the Information S1.
ART scenarios
We assume that HIV-infected individuals age 15–49 become
eligible for ART following detection of infection through HIV
counseling and testing (HCT) and CD4 testing (not done in ‘‘All
CD4 scenario’’). HIV progression is followed after age 49. HCT is
assumed in the base case to occur annually, covering 90% of
adults, with equal access by gender and HIV risk level. If the CD4
criteria is met, ART is started after one month; otherwise CD4 is
re-assessed at the next testing cycle.
We assume a well-functioning program and examine ART
coverage scenarios representing a wide range of possible strategies.
The Current practice scenario involves ART initiation at CD4 count
,200 cells/mm
3 (at the time of the analysis South Africa had not
switched to ,350 eligibility criteria). In South Africa, the reported
number of people on ART increased from 296,400 in 2006 to
935,800 or 67% of estimated need as of mid 2010. The ART for
CD4 count ,350 cells/mm
3 scenario expands coverage to a CD4
initiation level recently recommended in WHO clinical guidelines
[38,49] and partially adopted in South Africa in 2010 [50]. The
ART for CD4 count ,500 cells/mm
3 scenario expands coverage to a
CD4 level that typically marks the first HIV-related decline in
immune markers and increased risk of early HIV-related diseases
such as TB [51]. The All CD4 levels scenario involves offering ART
to everyone immediately after diagnosis with HIV irrespective of
CD4 count.
In our model, with randomly distributed annual HIV testing,
the likelihood of identifying infected and antibody positive
individuals is 7.5% per month (90% annual testing target, divided
by 12). Although high acute phase transmission would limit ART’s
effectiveness in blocking transmission our base case is derived from
model calibration to South African surveillance data with
consequent R0 (reproductive rate) and a relatively lower acute
phase risk (see detailed discussion of model calibration in SI
section 6.0). In a sensitivity analysis, we also examine the effect of
30% of transmissions occurring during the acute phase.
Use of ART among those offered is modified by several factors.
We assume that 8% of individuals refuse the offer of ART, and
that drop-out is subsequently 1.5% per annum. These best
practice values are based on monitoring data from the national
program in Malawi (see SI in Granich et al available from authors
on request) [18]. Although retention data from cohorts suggest a
3% annual attrition due to loss to follow up (with a further 2% due
to mortality) [52], we use the best practice figure from the Malawi
program which benefits from a referral system among numerous
clinical sites, thus retaining most individuals who move. We
include mortality (from our clinical progression modeling) and
evolution to 2nd line regimens (3% per year among those
remaining on ART). Individuals on ART survive longer than
those not on ART; thus, over several years the percentage on ART
rises as compared with the proportion initially eligible and
accepting the offer.
Program description
The best practice program that we costed has three major
components: HIV counseling and testing, ART provision, and
human rights and community support. The interventions are
assumed to scale up over five years.
Voluntary HIV counseling and testing (HCT) is provided
through facility-based testing and community campaigns [53,54].
Twenty percent of HCT is facility-based client- and provider-
initiated testing, while community approaches provide access for
the general population (72% of testing) and for marginalized and
institutionalized groups (8%). HCT is scaled up over five years
(from 2011–2016) to 90% and then maintained at that capacity for
annual community and facility-based HIV testing, without
differences in coverage by gender or risk.
We costed the provision of ART and related services
(ambulatory visits and monitoring tests) through existing Depart-
ment of Health infrastructure (facilities and staff) and costs. We did
not estimate a need for added building space, because our analysis
suggests that the overall 25% increase in primary health care visits
(with a shift from illness episodes to routine ART monitoring)
would be balanced by decreased demand on inpatient services. In
the base case, we did not assess the cost of training of personnel for
integrated management of ART. We conducted a sensitivity
analysis on this cost, without assuming any general savings from
improved management (SI, section 5.0). We assumed that all care
would be delivered through the public sector (i.e., people would
use free public ART rather than draw down limited private
coverage).
The human rights and community support has multiple
components. We allow for patient counselors at each HIV testing
site, monitoring in each district, and legal support in each
province, overseen by an independent monitoring organization.
We cost free transport and nutritional support for undernourished
(BMI,18) patients. The training of counselors and other health
care workers includes a human rights and community support
module.
We did not cost other types of HIV prevention, either current or
enhanced, since our goal is to assess the incremental costs and
benefits of expanding ART. For our analysis, all benefits and costs
derive from HIV testing and ART. We assessed how the
prevention context affects ART cost-effectiveness, but not the
cost-effectiveness of prevention, such as behavior change and male
circumcision.
Epidemic model and economic methods
The economic portrayal overlays an epidemic model for South
Africa with detailed data on health system resources and costs.
The epidemic model is a deterministic compartmental model
fitted to the historical HIV epidemic in South Africa [18]. Key
inputs are population size (15 and older), background death and
birth rate, HIV force of infection (a factor that determines
aggregate HIV incidence in susceptibles based on HIV preva-
lence), and rate of progression to death through four equal
duration HIV stages defined by mean CD4 count. Use of ART
reduces the rate of progression by 46%. Averted deaths due to
ART derive entirely from this slowed progression; we do not move
individuals to higher CD4 levels, and we ignore the modest
mortality benefits of ART while at higher CD4 counts. The HIV
testing and ART interventions are assumed to scale up over five
years. Details are available in the original publication and its
supplemental information.18 For this analysis, the model was
updated for new data on rising ART use (see above) and lower
ART effects on force of infection (via transmission efficiency; see
below), and refined to examine varied ART coverage strategies
(detail is provided in the SI).
The programmatic and economic overlay is structured around a
detailed portrayal of geographically-mapped health facilities,
service utilization and costs in South Africa, derived from
Department of Health publications. We portray utilization of
services by facility level and staff type. This is combined with
published research on the utilization of health care services by
stage of HIV disease and as a function of therapy status, and unit
Expanding ART for HIV Treatment and Prevention
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costing in a technical supplement, on line at [specific URL to be
specified before publication].
Input values
Key input values are presented in Table 1 (with citations) and
below, with added detail in the SI on line.
Epidemic. HIV prevalence of 15.1% in the 15–49 age group
in South Africa comes from UNAIDS reporting. The number on
ART has risen sharply in recent years in South Africa, now
reported at over 900,000 [55]. Mean survival of 11 years without
ART derives from multiple studies, summarized by us previously.
Change in survival due to ART is a 2-fold increase in the base case
levels reaching a survival that is 3.5-times as high as without ART.
The 46% reduction in disease progression for ART derives from
our prior review for ART and added information (see SI). 18 A
study in Uganda provides the basis for the 28% reduction for
cotrimoxazole [56]. The ART-associated reduction in HIV
transmission efficiency (in the model reflected in the force of
infection) derives from a recent review [27] and cohort study [57],
both of which had point estimates of 92%.
Health care. We based ART acceptance rate of 92% and
annual drop-out (excluding deaths) on data from the best
functioning large ART program we could identify, in Malawi.
The rate of change in ART regimens derives from a study in
Uganda. The number of inpatient days while not on ART and the
lower level on ART come from clinical studies in South Africa and
Uganda. These studies found reductions of 84% and 60%
associated with ART, respectively; we use 76% at baseline.
More days and averted days at lower CD4 levels are reported in
the SI. Data on primary health care visits comes from the same
studies, and on reductions in sickness episodes (i.e., opportunistic
infections) from Uganda.
Economic. The unit cost of HIV counseling and testing
($11.10) is derived from testing campaigns in Uganda and Kenya,
adjusted to South African wage levels, and data on facility-based
testing. Costs are in 2009 US$, local prices are converted at the
average exchange rate for 2009 (ZAR 7.407 to 1US$), historic
prices are inflated at 4.9% p.a., future costs are discounted at 3.5%
p.a.
The cost of first line ARV drugs, based on generic 2009
international prices, is $188, and second line is $595, with an
average in the model of $256 for the base case. The most common
first line regimen, representing 60% of actual use, is tenofovir,
lamivudine, and efavirenz ($201); other regiments are reported in
Information S1. Much higher ARV costs are also examined, to
reflect higher prices paid currently in South Africa. The cost of a
level 1 hospital day is $80, based on South Africa-specific data
from WHO CHOICE and consistent with other available data but
potentially less than HIV-specific inpatient care (SI, section 3.0).
ART monitoring costs in the base case includes (usually twice
annually): CD4 ($5), FBC ($7), Creatinine ($7), Chol/TG ($5), and
Table 1. Input values.
Input parameter Baseline value Range Source(s)
Epidemic
HIV prevalence 15.1% [67]
Mean survival HIV infection to death (years) 11 11–14 [18]
Number on ART (mid 2010) 935,828 [82]
Reduction in HIV disease progression rate with ART 0.46 [18]
Reduction in HIV disease progression rate with CTX 0.28 [56]
Reduction in HIV transmission efficiency with ART 0.92 0.85–0.99 [27]
Health care
ART acceptance rate 92% [18]
Number of inpatient days per year, not on ART 7.1 4.5–9.7 [56,61]
Number of inpatient days per year, on ART 1.68 1.6–1.8 [61,62]
Number of visits to PHC per year, not on ART 5.48 [61,83]
Number of visits to PHC per year, on ART 9.6 [61,83]
Morbidity reduction on CTX 0.69 0.84–0.53
Annual HIV counseling and testing 90%(average) – [54]
Costs (US dollars)
HCT (HIV counseling and testing) 11.10 [53,58,84]
First line ARV drugs (per year)* 188 116–751 [58,85]
Second line ARV drugs (per year)* 595 332–1167 [85]
Average hospital day inclusive (level 1/general hospital) 80 70–104 [58]
Average outpatient visit (level 1/general) 28 16–28 [58]
ART monitoring tests new on 1
st line therapy 34 34–67 [85–86],
ART monitoring tests new on 2
nd line therapy 31 31–158 [85–86],
ART monitoring tests 2
nd year on 1
st line 24 24–138 [85–86],
ART monitoring tests 2
nd year on 2
nd line 24 24–264 [85–86],
*Using first and second line costs the modeled average cost for ARVs (USD per year): Baseline: 256 (range 207–674).
doi:10.1371/journal.pone.0030216.t001
Expanding ART for HIV Treatment and Prevention
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programmatic experience of authors CB Holmes and C Serenata).
The base case excludes Hepatitis B Surface antigen (HbSag), Viral
Load ($40) and Alanine aminotransferase (ALT, $4), which are
examined in a high-cost monitoring option in the sensitivity
analyses. Local costs are adjusted to 2009 using South African
inflation indices.
Outcome measures
Outcome measures reported for each ART scenario include
process indicators, health events, and standardized outcomes for
cost-effectiveness. The process indicators are the number and
proportion of HIV-infected individuals on ART over time. Health
events include new HIV infections, HIV prevalence, and deaths
while HIV-infected, by year. These outcomes are not discounted.
Standardized outcomes for cost-effectiveness include cost and
disability adjusted life years (DALYs). Cost represents all resources
and associated unit costs for HIV counseling and testing, inpatient
and ambulatory care while HIV-infected, medications including
ART, and laboratory testing to monitor immune status and
toxicities. DALYs are a combined measure of changes in years of
life due to premature mortality, and the disability associated with
illness. By definition, they represent the burden of disease, and
thus are averted by effective interventions. For HIV prevention
and life-prolonging ART, DALYs are almost entirely captured by
the change in mortality; for this analysis we ignore the relatively
modest disability component (about 1.5%), but retain the DALY
nomenclature for comparability. Costs and DALYs are discounted
to 2010 at 3% per year.
Scenarios are compared incrementally to assess net DALYs, net
cost or savings, and, for scenarios with a net cost, cost-
effectiveness. Thus, net DALYs represent the gain in life years
between successive ART scenarios. Net costs (or savings) represent
the gain (or reduction) in total costs due to added costs of
expanded ART and averted costs from averted HIV infections.
With net costs, we calculate the cost per DALY averted. If there
are net savings, the cost-effectiveness ratio is misleading and is not
reported.
Sensitivity analyses
We conducted one-way sensitivity analyses on all variables. In
general, we used ranges that represent values reported in the
scientific literature. For variables that characterize program
functioning (e.g., drop out rates), we used values that represent
well-run HIV testing campaigns and ART programs. That is, we
did not attempt to answer the question, What if the HIV testing or
ART effort was substantially non-functional? For variables that
represent policy choices, such as ARV drug price schedule or
monitoring regimen, we conducted categorical sensitivity analyses,
i.e., option A or option B, but no intermediate value. We also used
a categorical approach to compare current vs. enhanced
prevention, and temporally even vs. acute-phased concentrated
HIV transmission.
We conducted multivariate sensitivity analyses for the 34
continuous variables that affect results by more than 0.5%
(excluding 12 variables below this level). We created a macro
routine in Excel that samples each variable (using a flat statistical
distribution), for 1000 iterations per simulation run. Some input
value ranges are asymmetrical around the base case value, when
we examine only worsening from the best practice assumption in
the base case. Thus, we also present the static result that
corresponds to placing these input values at the mid-point of
their sensitivity analysis ranges. We report the mean and
distribution of findings for these simulations.
Results
Results are presented in Tables 2 and 3 and in figures 1, 2, 3,
4, 5, 6, 7 as indicated. Our baseline findings represent the
potential impact of best practice HIV testing and ART programs.
We also performed sensitivity analyses regarding key assumptions
(see SI).
Table 2. Summary of results, health and cost effects of ART scenarios with current prevention projected over 5 and 40 years
(2011–2050).
Key findings ART scenarios with current prevention projected over 5 and 40 years (2011–2050)
ART Scenario
CD4,200 CD4,350 CD4,500 All CD4
5 yr 40 yr 5 yr 40 yr 5 yr 40 yr 5 yr 40 yr
All CD4 vs
CD4,200
Person years on ART (M) 8 79 12 109 17 131 22 134 134
Change from prior 4.3 30.4 4.7 21.7 4.6 2.8 54.9
New HIV infections (M) 1.6 10.3 1.3 8.7 1.0 6.7 0.6 4.7 5
Change from prior 20.3 21.6 20.3 21.9 20.4 22.1 25.6
Deaths (M) 1.5 12.5 1.3 10.6 1.2 8.7 1.2 7.1 7
Change from prior 20.2 21.9 20.1 21.9 0.0 21.5 25.4
DALYs due to deaths (M) 21 109 18 93 17 78 17 67 67
Change from prior 22.7 215.7 21.0 214.8 20.4 210.9 241.4
Total HIV care costs (M) 14,223 75,339 13,879 71,480 14,056 66,517 14,594 61,505 61,505
Change from prior 2344 23,859 177 24,963 537 25,012 213,833.9
Cost per DALY averted, vs. prior N/A N/A $173 N/A $1,351 N/A N/A
doi:10.1371/journal.pone.0030216.t002
Expanding ART for HIV Treatment and Prevention
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Person-years on ART varies from 79 million with ‘‘current’’ to
109 million with ‘‘,350 cells/mm
3’’, 131 million with ,500 cells/
mm
3, and 134 million with all CD4 levels (about 83% of HIV-
infected), over 40 years (Tables 2 and 3). This pattern reflects
expanded ART initiation at higher CD4 counts which results in
more averted HIV infections and a reduction in future demand.
With enhanced combination prevention (40% lower incidence),
ART use varies from 66 to 110 million person years, reflecting
fewer new HIV infections.
The incidence and prevalence of ART use by year is shown in
Figure 1, for enhanced prevention. The initial prevalence reflects
the CD4 starting point in each scenario. Over time ART use drops
in the more inclusive scenarios, due to averted HIV infections.
The ‘‘all CD4 level’’ scenario has the second lowest ART use by
2050.
Health outcomes
New HIV infections over 5 years decline by 265,000 (17%)
between ‘‘current’’ and ‘‘,350 cells/mm
3’’ (Table 2). Over 40
years the decline is 15%, from 8.7 million (‘‘current’’) to 7.3
million (‘‘,350’’) new infections (Table 3). When compared with
the current scenario, expanding from current to ,500 prevents an
additional 585,000 and 3 million new HIV infections over 5 and
40 years, respectively. ‘‘All CD4 levels’’ when compared with
‘‘current’’ scenario prevents 947,000 and 4.7 million over 5 and 40
years, respectively. The comparable values for enhanced preven-
tion are approximately 30% lower in each ART access scenario.
HIV prevalence rises slightly over the first 3–5 years of scaling-up
ART due to decreased mortality, and then drops as a result of
reduced HIV incidence, in proportion to the intensity of ART use.
Differences grow over time for both prevalence and incidence
(Figure 1).
Deaths over 5 years decrease from 1.5 million for ‘‘current’’
ART to 1.3 for ,350 cells/mm
3, 1.23 for ,500 cells/mm
3 and
1.20 million for ‘‘all CD4 levels’’ under current prevention
(Table 2). Over 40 years, deaths decrease from 12.5 million for
‘‘current’’ ART to 10.6 for #350 cells/mm
3, 8.7 for ,500 cells/
mm
3 and 7.1 million for ‘‘all CD4 levels’’ under current
prevention, and 10.4, 8.9, 7.4, and 6.5 million respectively for
enhanced prevention (Table 3). Differences between scenarios
start within two years due to the slowing of disease progression,
and expand later with the delayed mortality benefits of averted
HIV infections (Figure 1). Deaths over 5 years decrease from 1.50
million for ‘‘current’’ ART to 1.30 million for ,350 cells/mm
3,
1.23 million for ,500 cells/mm
3 and 1.20 million for ‘‘all CD4
levels’’ under ‘‘current prevention’’ (Figure 2). The values are
nearly identical for ‘‘enhanced prevention’’, since mortality
prevention benefits in the short term derive from earlier treatment
of already HIV-infected individuals. Although epidemic elimina-
tion (defined as annual HIV incidence rate ,0.001) is not
achieved using the assumption of 92% reduction in transmission
on ART, it can be achieved with various modifications of base case
assumptions including 97% reduction in transmission while on
ART with ‘‘enhanced prevention’’.
Cost-effectiveness: costs and health impact
When compared with the baseline ‘‘current scenario’’, the
cumulative undiscounted cost savings are 7.2, 17.3, and 28.7
billion dollars for ,350, ,500 and all CD4 count scenarios over
the 40 year period (Figure 3). Break even in cumulative costs is
achieved around 2015. Compared with ‘‘current’’, the ‘‘,350
cells/mm
3’’ scenario has discounted costs that are lower by $504
million over 5 years, and $3.9 billion over 40 years. With
enhanced prevention, ‘‘,350 cells/mm
3’’ reduces costs by $3.3
billion versus ‘‘current’’ over 40 years, ‘‘,500’’ by $3.6 billion
more, and ‘‘all CD4 levels’’ by a final $2.6 billion (Table 2 and 3,
Figure 3).
Annual costs rise for more intensive ART use for several years,
and by around 2017 are below the less intensive ART scenarios,
with differences growing over time (Figure 3). The ‘‘,350 cells/
mm
3’’ strategy has only a small and brief annual cost rise over ‘‘All
CD4 levels’’ because of an immediate drop in inpatient utilization
and costs that nearly balances the increase in ART and outpatient
Table 3. Results by ART scenarios with enhanced prevention projected over 5 and 40 years (2011–2050).
Results for ART scenarios with enhanced prevention projected over 5 and 40 years (2011–2050)
ART Scenario
CD4,200 CD4,350 CD4,500 All CD4
5 yr 40 yr 5 yr 40 yr 5 yr 40 yr 5 yr 40 yr
All CD4 vs
CD4,200
Person years on ART (millions) 8 66 12 89 17 105 21 110 110
Change from prior scenario 4.2 23.5 4.6 16.1 4.4 4.4 44.0
New HIV infections (millions) 1.2 7.6 1.0 6.2 0.8 4.7 0.5 3.3 3
Change from prior scenario 20.2 21.4 20.2 21.5 20.3 21.4 24.3
Deaths (millions) 10.1 10.4 1.5 8.9 1.3 7.4 1.2 6.5 6
Change from prior scenario 28.6 21.6 20.2 21.4 20.1 21.0 24.0
DALYs due to deaths (millions, NPV) 21 95 18 82 17 71 17 63 63
Change from prior scenario 22.7 213.0 21.0 211.2 20.4 27.2 231.3
Total HIV care costs (millions, NPV) 14,119 65,120 13,785 61,821 13,969 58,196 14,503 55,559 55,559
Change from prior scenario 2333.7 23,298.6 183.9 23,624.6 533.7 22,637.0 29,560.2
Cost per DALY averted, vs. prior scenario N/A N/A $182 N/A $1,381 N/A N/A
Notes: ART scenarios refer to the CD4 level at which ART is offered. Enhanced prevention assumes a 40% reduction in HIV incidence before expansion of ART. See text
for detail.
doi:10.1371/journal.pone.0030216.t003
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not shown). The average annual costs by category reflect the
relatively small proportion of costs due to ARV drugs (Figure 4)
and the shift in type of expenditures reflects the addition of ARV
drugs and a drop in hospital costs (Figure 5). Although the greatest
differences in spending are reflected when contrasting immediate
and current scenarios, savings are accrued for all scenarios when
contrasted with the current approach (Figure 6).
DALYs decline from 109 to 67 million, discounted, with an 11
to 16 million difference between each ART scenario. Enhancing
prevention (40% lower HIV incidence) reduces DALYs averted by
expanding ART by 27% and cost differences by 37% (Tables 2
and 3, Figure 7). With enhanced prevention, these differences drop
by about one quarter (Tables 2 and 3, Figure 7). The
proportionate cost difference across scenarios is smaller than for
DALYs because ART only improves health (through treatment
and prevention) but has competing effects on costs (increased in
the short term, decreased in the long term).
Sensitivity analyses
Varying most input values over specified uncertainty ranges
preserves the qualitative findings of net savings and substantial
averted DALYs (see SI section 5).
One-way. A higher annual drop-out rate on ART (3% or 5%,
instead of the 1.5% base case value from the Malawi national
program) results in a decrease from 41 million DALYs averted
over 40 years in the base case to 33–37 million DALYs averted for
the higher drop out rates. The decrease is consistent across the
Figure 1. Key epidemic indicators by ART scenario, over time, enhanced prevention scenario to 2050. This figure presents key epidemic
results. The adult population is the denominator. ‘‘Blue’’ is all CD4 levels, ‘‘Yellow’’ is ,500/mm
3, ‘‘Pink’’ is ,350/mm
3, and ‘‘Black’’ is current ,200/
mm
3. The ‘‘Incidence rate’’ graphs show that the rate of new HIV infections drops most sharply with higher ART use due to more inclusive CD4
criteria. The ‘‘Prevalence Rate’’ graphs show a similar but more gradual decline in HIV prevalence with more ART, and also show that differences in
ART use in the short term converge over time due to averted infections The ‘‘Annual death rate’’ graph highlights the benefit of expanded ART on
death rates.
doi:10.1371/journal.pone.0030216.g001
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The cost reduction drops from $14 billion in the base case to $13
billion at 5% drop-out. The effect varies by CD4 level, due to
competing influences on costs as individuals exit ART. The initial
refusal rate (4 to 12% range) makes a difference of ,500,000
DALYs averted over 40 years, mainly due to repeated ART offers
to refusers (not in table).
Life expectancy off ART has opposite effects on DALYs and
costs: an increase to 14 years decreases DALYs averted but
increases cost savings with ART. The increase in life expectancy
from ART (to 3.5 fold from 2 fold) increases both DALYs averted
and savings.
If ART reduces transmission by 99% instead of 92%, net
savings from all CD4 level versus current reach $17.5 billion. If
ART reduces transmission by only 85%, the savings are $12.6
billion. The scenarios differ in terms of DALYs only modestly for
two reasons: many DALYs averted derive from the current
benefits of treatment not prevention, and a difference of 1% vs.
15% in residual transmission risk among individuals on ART
yields a smaller relative difference when adjusted for the
proportion not on ART (84% in ‘‘all CD4’’ and greater in other
scenarios).
Higher 2009 South Africa ART costs results in all CD4 level
ART saving $0.6 billion versus current ART. However, intermediate
scenarios have net higher costs of $3.05 and $0.14 billion versus
less ART-intensive scenarios, with cost-effectiveness of $9–194 per
DALY averted. Using broadly higher costs based on South Africa
data (higher ART and monitoring costs, longer inpatient stays and
higher daily costs, compared to our baseline values) results in
higher net savings than the base case.
Figure 2. Lives saved by CD4 treatment threshold compared to current CD4,200 baseline. Graph shows lives saved by CD4 treatment
threshold compared to current CD4,200 baseline with the ,350 scenario portrayed in ‘‘pink’’, ,500 in ‘‘yellow’’ and all CD4 in ‘‘blue’’. Lives saved
increase with earlier access to ART.
doi:10.1371/journal.pone.0030216.g002
Figure 3. Annual cost by scenario compared to current prevention scenario baseline, 2010–2050. This figure shows the annual cost by
ART scenario compared to the projected baseline of ,200 current scenario. Totals represent cumulative cost savings over 2010–2050 time period.
Cost neutral time points cluster around 2015. Discounted savings over 40 years are 3.9, 8.8, and 13.8 billion for ,350, ,500, and all CD4 cells,
respectively.
doi:10.1371/journal.pone.0030216.g003
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savings, with noeffectonDALYs inourmodel.An unfavorable case
that combines full South Africa costs with low testing coverage, high
ART refusals, and high drop outs leads to 42% fewer DALYs
averted and 30% lower net savings, witha cost of $59 per DALY for
the increment from CD4 count .500 cells/mm
3 to ‘‘All CD4
levels’’. Use of cotrimoxazole in the CD4 level one higher than
designated for initiating ART results in 3–15% reduction in DALYs
averted and small changes in net savings that vary according to the
comparison.Testing every3 yearsinstead ofannuallyresults in14%
more DALYs overall (i.e., higher disease burden), and 5–47%
smaller differences between ART scenarios. This analysis conser-
vatively assumes CD4 testing on the same frequency.
The reduction in inpatient days (from 7.1 days per year off ART
to 1.7 on ART, on average) is unrelated to DALYs, and directly
related to savings. Inpatient day cost has a similar effect.
Figure 4. Average annual costs by category with breakdown of human rights and community support components. The pie
represents the annual costs based on a CD4,350 scenario without additional prevention averaged over 40 years. Care includes hospital and primary
health care (excluding nutrition and human rights), which have their own slices in the pie. Outreach represents the costs of the community-based
campaign excluding human rights and community support costs. ART represents ARV costs, aboratory and clinic visits are included in Care category.
The other categories are self-explanatory and further details can be found in the Information S1 document.
doi:10.1371/journal.pone.0030216.g004
Figure 5. Undiscounted expenditure over 40 years by type of cost and scenario. These histograms show how projected expenditures over
40 years vary as a function of the ART scenario. As ART intensity rises, overall spending drops, with a modest rise in ARV drug costs and a larger drop
in hospital costs.
doi:10.1371/journal.pone.0030216.g005
Expanding ART for HIV Treatment and Prevention
PLoS ONE | www.plosone.org 9 February 2012 | Volume 7 | Issue 2 | e30216We examined implementing training in integrated management
of HIV, as recommended by WHO (not in table). A 5-year
program training 50% of PHC staff, followed by annual turnover
at 10%, would cost $156 million in the first 5 years and $115
million per five year period thereafter, for a discounted cost over
40 years of $569 million, or about 7% of net savings. We ignore
likely compensatory savings from decentralization to less expensive
facilities and better organization of care.
Multivariate. Some input value ranges are asymmetrical
around the base case value, when we examine only worsening
from the best practice assumption in the base case (See SI Section
5). Thus, as a comparison with the multivariate simulations, Table
Figure 6. Difference in spending by ART scenario, 2010–2050 (discounted to 2010). This bar chart represents the difference in spending
between different ART scenarios over 40 years (discounted to 2010). The ART scenario comparison is indicated on the horizontal axis, and the cost
difference on the vertical axis (in millions). Negative numbers indicate fewer costs with more use of ART. Findings under current prevention impact
are indicated in blue, and under enhanced prevention in maroon. The differences between scenarios are greater for current than enhanced
prevention.
doi:10.1371/journal.pone.0030216.g006
Figure 7. Difference in DALYs by ART scenario, 2010–2050 (discounted to 2010). This bar chart represents the difference in Disability
Adjusted Life Years (DALYs) between different ART scenarios, over 40 years (discounted to 2010). The ART scenario comparison is indicated in the
horizontal axis label. The DALY difference is indicated on the vertical axis (in thousands). Negative numbers indicate fewer DALYs with more use of
ART, representing lower disease burden. Findings with current prevention are indicated in blue, and with enhanced prevention in maroon. The
differences between ART scenarios are greater under current prevention impact than assumed enhanced prevention impact.
doi:10.1371/journal.pone.0030216.g007
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corresponds to placing these input values at the mid-point of their
sensitivity analysis ranges. DALYs averted are 38,000, compared
with 41,000 in the base case. Net savings are $10.5 billion,
compared with $13.8 billion in the base case.
The ‘‘even stages’’ analysis assumes that HIV risk is not
concentrated in the acute phase, similar to our base case
assumption. The mean change in DALYs and costs is similar to
the static case described immediately above. The distribution of
findings is shown in the SI Section 5. Net savings are achieved in
99% of simulations. With 30% of HIV transmission in the 3
month acute phase, DALYs averted drop by 26% to 31 million
and the net savings drop by 7% to $12.8 billion.
Discussion
As part of a well-run ART program, our projections suggest that
a ‘front loaded’ investment into expanding ART for people living
with HIV with a CD4 count ,350 cells/mm
3 could yield results
almost immediately. Expanded access could reduce new HIV
infections by an estimated 265,000 over five years and 1.4 million
over 40 years. Over the near term, the investment strategy could
save lives by reducing estimated deaths by 200,000 with a
projected savings of $504 million over 5 years. Over 40 years, it
could reduce estimated deaths by 2.9 million, disability adjusted
life years by 15.7 million, and an estimated reduction in costs of
$3.9 billion. These projections support WHO’s recent recommen-
dations to start ART earlier for those with #350 CD4 cells/mm
3
and South Africa’s recent decision to expand access [38].
There is increasing evidence that earlier treatment may be
advantageous for both prevention and clinical care [14]. However,
starting earlier also comes with potential risks including potential
adverse effects and difficulties accessing second line treatment.
Modeling the health and economic impact provides an opportu-
nity to examine a number of interventions and scenarios.
Expanding to CD4 count ,500 cells/mm
3could further reduce
estimated deaths by 1.9 million and disability adjusted life years by
14.8 million over 40 years. This expanded access strategy could
decrease costs by an estimated $100 million over five years and
$5.0 billion over 40 years. Although we based our assumptions on
a well-run program, the result of net savings is robust to
uncertainty in most input assumptions, such as transmission
suppression, reduction in inpatient days, and use of pre-ART
cotrimoxazole prophylaxis. However, savings depend substantially
on South Africa using lower cost international sourcing for anti-
retroviral drugs. Most people in South Africa are starting ART
very late in the course of disease, however, extending ART access
to people earlier after HIV infection has potential additional
economic and epidemiologic impact. According to our projections,
adopting a policy of ART for all CD4 levels could result in a
further estimated decline of 3.3 million infections, 3.5 million
deaths, 25.7 million DALYs, and $10 billion over 40 years, as
compared with CD4 count ,350 cells/mm
3. The expansion to all
CD4 levels could achieve cost breakeven by 2022 (within 10 years)
versus ‘‘current’’. In the context of enhanced prevention (40%
lower incidence), ART expansion could still substantially reduce
HIV health burden and lower costs, and could be an essential
contributor to epidemic elimination by the standard of annual
HIV incidence ,0.001.
The substantial projected net savings reflect the anticipated
epidemic impact of ART, as well as economic and epidemic
conditions in South Africa. Over multiple years and decades, the
assumed 92% reduction in HIV transmission among those on
ART sharply reduces new infections and associated medical costs.
These savings are substantial per person due to the relatively high
cost of medical care in South Africa, as compared with most of
sub-Saharan Africa [58]. Indeed, we found that an expensive
intervention like ART yields savings even in the short term (5
years), based on slowed progression to more expensive disease
stages and data suggesting that individuals with CD4 counts at
least as high as 500 have serious HIV-related morbidity and
mortality and associated inpatient care, which ART reduces by
60–80% [59,60,61,62]. The large overall magnitude of savings
reflects the large scale of the HIV epidemic in South Africa. Past
cost-effectiveness analyses of ART in Africa, including our own,
omitted the indirect, dynamic epidemic effects of ART through
reduced HIV transmission and were conducted in settings with
lower medical care costs. Thus, they found substantial net costs
and relatively high cost-effectiveness: $597 per DALY averted in
Uganda, including prevention effects but only in immediate
partners; and $620 per DALY averted in Cote d’Ivoire [59,63]. An
analysis of future resource needs for AIDS in low- and middle-
income countries predicted 20% savings with enhanced targeted
prevention and 44% higher costs with broad program scale-up,
but did not consider the HIV infections and costs averted with
expanded ART [41]. A cost-effectiveness analysis of ART
expansion in Vancouver, Canada, using a willingness-to-pay
approach, estimated a net benefit of US$ 900 million over 30 years
[64].
Our analysis links within one framework three key issues in
global HIV: low but growing knowledge of HIV status, falling
ART costs, and evidence for ART suppression of HIV
transmission [4] [34] [65,66]. According to the WHO, between
2005 and 2008, the median percent of persons living with HIV
who reported receiving HIV test results increased from 15% to
39% [67]. Still, in some settings the need for increased HIV testing
is stark; the Kenya AIDS Indicator Study found that in 2007 only
17% of those testing HIV-positive knew of their status [68].
Second, the cost of ART is falling, in PEPFAR to the range of
$400–500 per person year, including about 39% for the ARV
drugs; there remain issues in fully understanding costs and their
determinants [69] [70]. Finally, quantitative evidence of suppres-
sion of HIV transmission during ART is converging on an over
90% reduction, although this remains to be confirmed during field
implementation in larger-scale programs and over a longer-term
than the recent cohort studies and HPTN 052 clinical trial which
reported a 96% reduction [14] [22,27]. Importantly, initial
evidence suggests that viral load suppression by ART is
accompanied by lower risk behaviour, in South Africa [71] and
elsewhere [72]. Other recent analyses have costed and projected a
significant combined prevention impact of expanding ART for the
majority of people living with HIV with a CD4 cell count ,350
[34]. In Botswana, patterns in sexual behaviour have remained
relatively stable since 2000 and the country scaled up access to
treatment from less than 5% in 2000 to over 80% which it has
maintained since 2009. The annual number of new HIV infections
has declined by over two thirds since the late nineties and data
suggests that the number of new HIV infections in Botswana is
30% to 50% lower today than it would have been in the absence of
antiretroviral therapy [3]. Recent studies show that treatment can
be up to 96% effective in preventing HIV transmission among
couples [14]. Taken together, these factors suggest large need and
opportunity for expanded testing and earlier treatment.
Our study has important limitations. We do not explicitly
portray anti-retroviral resistance. Resistance has been proposed as
major drawback of expanded access to ART in modeled analyses
[33]. However, accumulating empirical evidence suggests that
these concerns are not borne out with ART in community
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documented (e.g., Vancouver [73]), perhaps due to the recent
advances in ART that increase adherence and decrease resistance
[74]. We do capture the effect of expected modest resistance
through the shift to (more expensive) second line ART. We assume
no exhaustion of ARV regimen options. More generally, our
model has only one mechanism whereby earlier ART initiation
can increase mortality: ART drop-out rate. HPTN 052 demon-
strated a 40% reduction in health related events for those started
immediately below 550 CD4 count and current clinical trials such
as START and TEMPRANO will provide additional data on
clinical outcomes with early ART initiation [14]. Our epidemi-
ologic model is not risk, age- or gender-structured, so we could not
examine targeted strategies. We are adapting the model for this
purpose. We assume excellent ART program operation, based on
the example of Malawi, one of the poorest countries in the world.
Although we explore the implications of weaker programming,
such as higher drop-out rates but do not examine what would
happen in the face of lower levels of access to HIV testing and
counseling and/or linkage to care and treatment. However, our
analysis should be considered to represent the potential gains from
the expanded use of ART in programs with optimal programmatic
achievements that can be found in some of the best programs
serving individuals under current treatment guidelines (lower CD4
levels). Given the recent recognition of the short and long-term
mortality benefits of ART even at high CD4, we think this
perspective is reasonable. Furthermore, we believe that a ‘‘best
practices’’ approach is consonant with increasing emphasis on
program performance in global health. Donors are investing more
cautiously, driven by global economic problems and tighter
budgets. Thus, programs must show good results in order to
continue receiving broad support; ineffective programs must be
improved or their funding redirected to programs with strong
performance. Ultimately, the objective of donor initiatives should
be to ensure that money is spent wisely and leads efficiently to
better health for the world’s poor. A best practices approach sets
the bar high, as we think is appropriate as programs increasingly
focus on expanding access to earlier HIV testing, counseling and
ART with accompanying monitoring and evaluation of imple-
mentation.
Decisions around the cost of end-of life care are important and
we assumed that end-of-life care is less expensive with ART, i.e.,
that there is no final intensive utilization comparable to that
observed with no ART. Although, this assumption has important
policy and cost implications, for our analysis of early ART
initiation, it has little consequence: individuals with CD4 count
,200 cells/mm
3 are offered ART in all scenarios. However, if the
assumption leads to understating lifetime costs of HIV care, then
we underestimate the savings due to averted HIV infections. Our
results are conservative in that we also omitted several important
types of health benefits and care savings: preventing tuberculosis in
index patients and contacts [75], benefits to family members [60],
and benefits above CD4 count of 500 cells/mm
3 [62]. Addition-
ally, by using annual CD4 testing for HIV-infected not yet on
ART, we likely delay ART initiation compared with every 6
month testing often used in operating programs. We also exclude
the broad economic and social benefits of reduced HIV infections
which are likely to be very substantial, but uncertain in magnitude
and beyond our scope [76].
For the cost analysis, we assume that the savings due to averted
inpatient care can be captured in financial savings or in expanded
services for other health conditions. This assumption, though
potentially difficult to operationalize in the short term due to fixed
and under-utilized health care resources, is the same as in other
cost-effectiveness and net cost analyses. Our findings apply only to
South Africa, whereas the economics of expanded ART may differ
in settings with different cost structure or epidemiology [76]. For
example, due to South Africa’s relatively high cost of inpatient
care, the cost savings from reduced hospitalizations for persons
with HIV are larger than in most other African countries, while
the cost of ARV drugs is comparable. Lower HIV prevalence may
lead to a higher relative cost burden from HCT, though this
distinction largely disappears after the first round of testing.
Recognizing this geographical limitation, we plan to use our model
to assess other settings with a set of revised input values.
Other ‘ART for prevention’ evaluations in recent years have
been less optimistic than this one. As noted above, a theoretical
analysis for San Francisco found a substantial risk of epidemics of
resistant ARV strains with scale-up [33]; empirical evidence to
date fails to confirm these risks [73]. Another modeling analysis
found that a ‘‘test-and-treat’’ strategy can substantially reduce
HIV transmission, ‘‘broadly confirm[ing] the main findings’’ from
our prior model [77]. However, the analysis also found that the
intervention works less well in populations with highly heteroge-
nous risk segmentation (i.e., high risk core groups and non-
sustaining risk in low risk remainder), or if coverage is less than
50%. It found that for the cost-efficiency ratio [reduction in HIV
incidence] divided by [cost for ART and HCT], 80% coverage
was optimal along with a testing interval of 1–5 years depending
on the epidemic scenario. Importantly, the analysis did not
incorporate ART drop-out and offsetting savings in medical care
as in this paper. Greater ART drop-out rates substantially
decrease the expected scale of health benefits, with less
pronounced effects on net savings. Some projections place more
emphasis on data from cohort studies which suggest a substantial
concentration of HIV transmission in the acute phase. Although
the surveillance and other evidence from South Africa demon-
strates a lower contribution, accounting for a larger proportion of
transmission in the acute phase would only lower DALYs averted
by one-quarter and savings by 7%. Perhaps most importantly, the
92–96% reduction in HIV transmission during ART as found in
recent cohort studies and a clinical trials, and the patient retention
and adherence rates taken from Malawi’s best-practice program,
remain to confirmed empirically in the context of other large-scale
programs, sustained over a longer-term as needed in South Africa.
WHO recommends expanding access to ART for #350 cells/
mm
3 and recognizes that expanding access to ART within a
human rights framework is paramount: without community
engagement and support expanding access to #350 cells/mm
3
will likely be impossible. It is critical that there is community
engagement in the planning and implementation of the program,
that there is no coercion to be HIV tested or take ART, and that
there is adequate support for individuals with questions and
concerns. Contrary to many other similar studies, we included the
cost of ensuring many components of a strong human rights
framework [78]. A related issue is the motivation for individuals
with early HIV disease to accept ART, given the low risk of HIV-
related death. How early to start ART remains controversial,
however, despite the growing scientific evidence and potential for
individual [62], public health and economic benefits, several
reservations have been raised regarding the desirability and
feasibility of expansion to the CD4 count ,500 cells/mm
3 and
‘‘all CD4 levels’’ [33]. The 2009 WHO international expert
committee, after a rigorous review of the scientific evidence base,
feasibility, and cost considerations, reached consensus for starting
ART at ,350 cells/mm
3 [38].
On the practical side, a major concern has been the logistical
challenge of expanding care, which seems at first glance would
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count #350 cells/mm
3 levels will be, in many settings, a difficult
undertaking; even the resource needs to maintain current efforts in
the intermediate term are substantial [79]. However, we found
that for South Africa, in cost terms, intervening earlier is predicted
to pay for itself within 4 to 12 years (with gains accumulating over
time as infections are averted), so expanding ART is initially less a
jump in resources than a shift from inpatient to ambulatory care.
The costing assumes more use of lay providers and task shifting to
manage the increase in routine management of care, leaving the
existing clinical staff to deliver clinical care. Regarding HIV
control strategy, some experts argue that effective, efficient
traditional HIV prevention should be scaled up. We agree, and
point in particular to interventions in high risk groups such as sex
workers, male circumcision, and HIV testing and counseling,
especially in discordant couples [80,81]. Indeed, our model found
that epidemic elimination is most likely with the combination of
these strategies and ART expanded to all CD4 levels. Finally, we
recognize the link between program performance and impact. In
order to yield broad epidemic benefits, an ART for prevention
strategy must achieve high HIV testing levels, high acceptance of
ART, and high retention and adherence within ART, especially
on first line regimens. Thus effective implementation must
promote, monitor, and achieve high performance in these areas.
Our analysis offers several insights into the economics and
impact of ART for prevention in South Africa. First, moving from
current ART practice to WHO’s recommended starting rule of
CD4 count #350 cells/mm
3 is likely to save substantial lives and
money, within a few years and more over time. South Africa
recently adopted this CD4 level as the guideline for pregnant
women and TB patients and we hope accumulating data will allow
us to refine our analyses to include these groups. Second, extension
of ART to CD4 count ,500 cells/mm
3 and all CD4 levels is likely
to save even more lives and money, albeit requiring large ‘front
loaded’ investments that may be challenging to marshal. Third,
these favorable findings owe much to the potent combination of
high averted inpatient costs, low antiretroviral drug costs, and
many HIV infections averted. Finally, the most profound epidemic
abatement can occur only in the context of enhanced traditional
prevention. We believe that economic analysis is helpful to
understand the broad implications of a complex intervention like
ART for prevention. For example, only through integration of
diverse data on health care utilization and costs were we able to
identify the favorable economics of expanded ART in South
Africa. From a resource mobilization perspective, our findings
suggest that through a ‘front loaded’ investment strategy the costs
of responding to HIV epidemic could reach a level requiring only
minimal external support. Similar economic modeling will be
valuable in this and other geographic settings, to increase the
robustness and subtlety of our understanding of ART for
prevention. The models should also allow modification of
parameter values to explore policy options under consideration
by health officials. In conclusion, we believe that accumulated
evidence and analyses support the implementation of phased
program implementation to assess the capacity of health systems to
deliver and sustain earlier ART, including HIV testing and
counseling, ART uptake, retention and adherence, and its
community-level impact on HIV transmission and costs.
Supporting Information
Information S1 Supporting information for this manuscript can
be found in the supporting information document which is
designated as ‘‘Information S1’’
(DOC)
Acknowledgments
The opinions and statements in this article are those of the authors and do
not represent the official policy, endorsement, or views of the World Health
Organization or the U.S. Department of State.
Author Contributions
Conceived and designed the experiments: RG JGK RB CBH NG CS MLS
CM-O CDeFM PW LJ CS KAK LY-R MV YS SC ELK BGW.
Performed the experiments: RG JGK RB CBH NG CS MLS CM-O
CDeFM PW LJ CS KAK LY-R MV YS SC ELK BGW. Analyzed the
data: BGW RB JGK. Contributed reagents/materials/analysis tools: RG
JGK RB CBH NG CS MLS CM-O CDeFM PW LJ CS KAK LY-R MV
YS SC ELK BGW. Wrote the paper: RG JGK RB CBH NG CS MLS
CM-O CDeFM PW LJ CS KAK LY-R MV YS SC ELK BGW.
References
1. Barre-Sinoussi F, Chermann JC, Rey F, Nugeyre MT, Chamaret S, et al. (1983)
Isolation of a T-lymphotropic retrovirus from a patient at risk for acquired
immune deficiency syndrome (AIDS). Science 220: 868–871.
2. UNAIDS (2011) AIDS at 30: Nations at the Cross Roads. Geneva, Switzerland
2011 UNAIDS website. Available: http://www.unaids.org/unaids_resources/
aidsat30/aids-at-30.pdf. Accessed: 2011 Dec 28.
3. UNAIDS (2011) World AIDS Day Report 2011. Geneva Switzerland. UNAIDS
website. Available: http://issuu.com/unaids/docs/worldaidsday_report_2011/
1. Accessed: 2011 Dec 28.
4. WHO (2011) Progress report 2011: Global HIV/AIDS Response WHO
website. Available: http://www.who.int/hiv/pub/progress_report2011/en/
index.html. Accessed: 2011 Dec 28.
5. United Nations General Assembly (2011) Uniting for universal access: towards
zero new HIV infections, zero discrimination, and zero AIDS-related deaths 28
March 2011 UNAIDS website. Available: http://www.unaids.org/en/media/
unaids/contentassets/documents/document/2011/A-65-797_English.pdf. Ac-
cessed: 2011 Dec 28.
6. Hecht R, Stover J, Bollinger L, Muhib F, Case K, et al. (2010) Financing of
HIV/AIDS programme scale-up in low-income and middle-income countries,
2009-31. Lancet 376: 1254–1260.
7. Allen S, Tice J, Van de Perre P, Serufilira A, Hudes E, et al. (1992) Effect of
serotesting with counselling on condom use and seroconversion among HIV
discordant couples in Africa. BMJ 304: 1605–1609.
8. Potts M, Halperin DT, Kirby D, Swidler A, Marseille E, et al. (2008) Public
health. Reassessing HIV prevention. Science 320: 749–750.
9. Padian NS, McCoy SI, Balkus JE, Wasserheit JN (2010) Weighing the gold in
the gold standard: challenges in HIV prevention research. AIDS 24: 621–635.
10. Cohen J (2008) HIV/AIDS. The great funding surge. Science 321: 512–519.
11. Weiss RA (2008) Special anniversary review: twenty-five years of human
immunodeficiency virus research: successes and challenges. Clin Exp Immunol
152: 201–210.
12. Desrosiers R (2008) Scientific obstacles to an effective HIV vaccine presented at
15th Conference on Retroviruses and Opportunistic Infections (CROI 2008)
Boston, USA. CROI Abstract 91.
13. UNAIDS/WHO/SACEMA Expert Group on Modelling the Impact and Cost of
MaleCircumcision forHIV Prevention MaleCircumcision forHIV Prevention in
High HIV Prevalence Settings (2009) What Can Mathematical Modelling
Contribute to Informed Decision Making? PLoS Medicine 6: e1000109.
14. Cohen MS, McCauley M, Gamble T, Hosseinipour MC, Kumarasamy N, for
the HPTN 052 Study Team (2011) Prevention of HIV-1 Infection with Early
Antiretroviral Therapy. N Engl J Med 365: 493–505.
15. Grant RM, Lama JR, Anderson PL, McMahan V, Liu AY, et al. (2010)
Preexposure chemoprophylaxis for HIV prevention in men who have sex with
men. The New England journal of medicine 363: 2587–2599.
16. University of Washington (2011) Pivotal study in Africa finds that HIV
medications prevent HIV infection. ScienceDaily. Available: http://www.
sciencedaily.com/releases/2011/07/110713092149.htm. Accessed 2011 Jul 15.
17. Anti-HIV Drugs Help Prevent Infection in Heterosexuals Time. Available:
http://healthland.time.com/2011/07/13/anti-hiv-drugs-help-prevent-new-
infection-in-heterosexuals/. Accessed 2011 Dec 28.
18. Granich RM, Gilks CF, Dye C, De Cock KM, Williams BG (2009) Universal
voluntary HIV testing with immediate antiretroviral therapy as a strategy for
elimination of HIV transmission: a mathematical model. Lancet 373: 48–57.
19. Montaner JS, Hogg R, Wood E, Kerr T, Tyndall M, et al. (2006) The case for
expanding access to highly active antiretroviral therapy to curb the growth of the
HIV epidemic. Lancet 368: 531–536.
Expanding ART for HIV Treatment and Prevention
PLoS ONE | www.plosone.org 13 February 2012 | Volume 7 | Issue 2 | e3021620. Quinn TC, Wawer MJ, Sewankambo N, Serwadda D, Li C, et al. (2000) Viral
load and heterosexual transmission of human immunodeficiency virus type 1.
Rakai Project Study Group. N Engl J Med 342: 921–929.
21. BarrE `-Sinoussi F, Chermann J, Rey F, Nugeyre M, Chamaret S, et al. (1983)
Isolation of a T-lymphotropic retrovirus from a patient at risk for acquired
immune deficiency syndrome (AIDS). Science 220: 868.
22. Donnell D (2010) ART and Risk of Heterosexual HIV-1 Transmission in HIV-1
Serodiscordant African Couples: A Multinational Prospective Study: Abstract
136. 17th Conference on Retroviruses and Opportunistic Infections (CROI).
San Francisco, CA, USA.
23. Tovanabutra S, Robison V, Wongtrakul J, Sennum S, Suriyanon V, et al. (2002)
Male viral load and heterosexual transmission of HIV-1 subtype E in northern
Thailand. J Acquir Immune Defic Syndr 29: 275–283.
24. Bunnell R, Mermin J, De Cock KM (2006) HIV prevention for a threatened
continent: implementing positive prevention in Africa. JAMA: the journal of the
American Medical Association 296: 855–858.
25. Castilla J, Del Romero J, Hernando V, Marincovich B, Garcia S, et al. (2005)
Effectiveness of highly active antiretroviral therapy in reducing heterosexual
transmission of HIV. J Acquir Immune Defic Syndr 40: 96–101.
26. Rieder P, Joos B, von Wyl V, Kuster H, Grube C, et al. (2010) HIV-1
transmission after cessation of early antiretroviral therapy among men having
sex with men. AIDS 24: 1177–1183.
27. Attia S, Egger M, Muller M, Zwahlen M, Low N (2009) Sexual transmission of
HIV according to viral load and antiretroviral therapy: systematic review and
meta-analysis. Aids 23: 1397–1404.
28. Wood E, Kerr T, Marshall B, Li K, Zhang R, et al. (2009) Longitudinal
community plasma HIV-1 RNA concentrations and incidence of HIV-1 among
injecting drug users: prospective cohort study. British Medical Journal 338:
b1649.
29. Fang C, Hsu H, Twu S, Chen M, Chang Y, et al. (2004) Decreased HIV
transmission after a policy of providing free access to highly active antiretroviral
therapy in Taiwan. The Journal of Infectious Diseases 190: 879–885.
30. Das M, Chu PL, Santos GM, Scheer S, Vittinghoff E, et al. (2010) Decreases in
community viral load are accompanied by reductions in new HIV infections in
San Francisco. PLoS One 5: e11068.
31. Walensky RP, Wood R, Weinstein MC, Martinson NA, Losina E, et al. (2008)
Scaling up antiretroviral therapy in South Africa: the impact of speed on
survival. J Infect Dis 197: 1324–1332.
32. Velasco-Hernandez JX, Gershengorn HB, Blower SM (2002) Could widespread
use of combination antiretroviral therapy eradicate HIV epidemics? Lancet
Infect Dis 2: 487–493.
33. Smith RJ, Okano JT, Kahn JS, Bodine EN, Blower S (2010) Evolutionary
dynamics of complex networks of HIV drug-resistant strains: the case of San
Francisco. Science 327: 697–701.
34. Schwartlander B, Stover J, Hallett T, Atun R, Avila C, et al. (2011) Towards an
improved investment approach for an effective response to HIV/AIDS. Lancet
377(9782): 2031–2041.
35. UNAIDS (2007) Financial resources required to achieve universal access to HIV
prevention, treatment, care and support. Geneva, Switzerland.
36. Kleijnen JBG (1998) The new NHS: commentaries on the white paper.
Encouraging responsibility: different paths to accountability. Guidelines and
quality of clinical services in the new NHS. BMJ 316: 299–300.
37. G8 Summit (2009) Declaration: Responsible Leadership for a Sustainable
Future; 2009 July 2010; L’Aquila.
38. WHO (2009) Rapid advice: antiretroviral therapy for HIV infection in adults
and adolescents -November 2009. WHO website. Available: http://www.who.
int/hiv/pub/arv/rapid_advice_art.pdf. Accessed: 2011 Dec 28.
39. South African Government Information (2008) HIV & AIDS and STI Strategic
Plan for South Africa 2007–2011. South African government website. Available:
http://www.safaids.net/files/S.A%20National%20HIVAIDS_STI%20Strategic%
20Plan%202007-2011.pdf. Accessed: 2011 Dec 28.
40. South African Government Information (2010) Outline of the national HIV
Counselling and Testing (HCT) campaign by Dr Aaron Motsoaledi, Minister of
Health. South African government website. Available: http://www.sanac.org.
za/files/uploaded/3587_Media%20Statement%2025%2003%2010.pdf. Ac-
cessed: 2011 Dec 28.
41. Hecht R, Bollinger L, Stover J, McGreevey W, Muhib F, et al. (2009) Critical
choices in financing the response to the global HIV/AIDS pandemic. Health
affairs 28: 1591–1605.
42. Walensky RP, Wood R, Fofana MO, Martinson NA, Losina E, et al. (2011) The
clinical impact and cost-effectiveness of routine, voluntary HIV screening in
South Africa. Journal of acquired immune deficiency syndromes 56: 26–35.
43. Walensky RP, Wolf LL, Wood R, Fofana MO, Freedberg KA, et al. (2009)
When to start antiretroviral therapy in resource-limited settings. Annals of
internal medicine 151: 157–166.
44. Rosen S, Long L, Sanne I, Stevens WS, Fox MP (2011) The net cost of
incorporating resistance testing into HIV/AIDS treatment in South Africa: a
Markov model with primary data. Journal of the International AIDS Society 14:
24.
45. Walensky RP, Wood R, Ciaranello AL, Paltiel AD, Lorenzana SB, et al. (2010)
Scaling up the 2010 World Health Organization HIV Treatment Guidelines in
resource-limited settings: a model-based analysis. PLoS medicine 7: e1000382.
46. Hontelez JA, de Vlas SJ, Tanser F, Bakker R, Barnighausen T, et al. (2011) The
impact of the new WHO antiretroviral treatment guidelines on HIV epidemic
dynamics and cost in South Africa. PloS one 6: e21919.
47. Marseille E, Hofmann PB, Kahn JG (2002) HIV prevention before HAART in
sub-Saharan Africa. Lancet 359: 1851–1856.
48. Piot P, Zewdie D, Turmen T (2002) HIV/AIDS prevention and treatment.
Lancet 360: 86. author reply 87–88.
49. WHO (2010) Antiretroviral therapy for HIV infection in adults and adolescents.
Recommendations for a public health approach (2010 revision) Geneva: WHO.
Available: http://whqlibdoc.who.int/publications/2010/9789241599764_eng.
pdf. Accessed: 2011 Dec 28.
50. National Department of Health South Africa (2010) 2010 Clinical Guidelines for
the Management of HIV & AIDS in Adults and Adolescents. South African
Government website. Available: http://www.fidssa.co.za/Guidelines/
2010_Adult_ART_Guidelines.pdf. Accessed: 2011 Dec 28.
51. Lawn SD, Myer L, Edwards D, Bekker LG, Wood R (2009) Short-term and
long-term risk of tuberculosis associated with CD4 cell recovery during
antiretroviral therapy in South Africa. Aids 23: 1717–1725.
52. Fox M, Rosen S (2010) Patient retention in antiretroviral therapy programs up
to three years on treatment in sub-Saharan Africa, 2007–2009: systematic
review. Tropical Medicine and International Health 15: 1–15.
53. Menzies N, Abang B, Wanyenze R, Nuwaha F, Mugisha B, et al. (2009) The
costs and effectiveness of four HIV counseling and testing strategies in Uganda.
AIDS 23: 395–401.
54. Lugada E (2010) Scaling up access to HIV testing through an integrated multi-
disease campaign is feasible and cost saving (oral). XVIII International AIDS
Conference 2010. Vienna, Austria.
55. Futures Institute (2011) Futures Institute: Spectrum. Available: http://
futuresinstitute.org/pages/spectrum.aspx. Accessed 2011 Dec 28.
56. Mermin J, Lule J, Ekwaru JP, Malamba S, Downing R, et al. (2004) Effect of co-
trimoxazole prophylaxis on morbidity, mortality, CD4-cell count, and viral load
in HIV infection in rural Uganda. Lancet 364: 1428–1434.
57. Donnell D, Baeten JM, Kiarie J, Thomas KK, Stevens W, et al. (2010)
Heterosexual HIV-1 transmission after initiation of antiretroviral therapy: a
prospective cohort analysis. Lancet 375: 2092–2098.
58. WHO CHOICE (2010) Interventions that are Cost Effective (WHO-CHOICE).
Available: http://www.who.int/choice/costs/en/. Accessed 2011 Dec 28.
59. Marseille E, Kahn JG, Pitter C, Bunnell R, Epalatai W, et al. (2009) The cost
effectiveness of home-based provision of antiretroviral therapy in rural Uganda.
Applied health economics and health policy 7: 229–243.
60. Mermin J, Were W, Ekwaru JP, Moore D, Downing R, et al. (2008) Mortality in
HIV-infected Ugandan adults receiving antiretroviral treatment and survival of
their HIV-uninfected children: a prospective cohort study. Lancet 371: 752–759.
61. Harling G, Wood R (2007) The evolving cost of HIV in South Africa: changes in
health care cost with duration on antiretroviral therapy for public sector patients.
J Acquir Immune Defic Syndr 45: 348–354.
62. HIV-Causal Collaboration (2010) The effect of combined antiretroviral therapy
on the overall mortality of HIV-infected individuals. AIDS 24: 123–137.
63. Goldie SJ, Yazdanpanah Y, Losina E, Weinstein MC, Anglaret X, et al. (2006)
Cost-effectiveness of HIV treatment in resource-poor settings–the case of Cote
d’Ivoire. N Engl J Med 355: 1141–1153.
64. Johnston KM, Levy AR, Lima VD, Hogg RS, Tyndall MW, et al. (2010)
Expanding access to HAART: a cost-effective approach for treating and
preventing HIV. AIDS 24: 1929–1935.
65. WHO (2010) Towards Universal Access: Scaling up priority HIV/AIDS
interventions in the health sector. Geneva 2010. Available: http://www.who.
int/hiv/pub/2010progressreport/en/. Accessed 2011 Dec 28.
66. Holmes CB, Coggin W, Jamieson D, Mihm H, Granich R, et al. (2010) Use of
generic antiretroviral agents and cost savings in PEPFAR treatment programs.
JAMA : the journal of the American Medical Association 304: 313–320.
67. UNAIDS (2009) AIDS epidemic update. UNAIDS website. Available: http://
www.unaids.org/en/dataanalysis/epidemiology/2009aidsepidemicupdate/. Ac-
cessed 2011 Dec 28.
68. National AIDS and STI Control Programme MoH-K (2008) KAIS 2007, Kenya
AIDS Indicator Survey Preliminary Report. Nairobi. Government of Kenya
website. Available: http://www.wofak.or.ke/Publications/kais__preliminary_
report_july_29.pdf. Accessed 2011 Dec 28.
69. Beck EJ, Harling G, Gerbase S, DeLay P (2010) The cost of treatment and care
for people living with HIV infection: implications of published studies, 1999–
2008. Curr Opin HIV AIDS 5: 215–224.
70. Galarraga O, Wirtz VJ, Figueroa-Lara A, Santa-Ana-Tellez Y, Coulibaly I, et al.
(2011) Unit costs for delivery of antiretroviral treatment and prevention of
mother-to-child transmission of HIV: a systematic review for low- and middle-
income countries. PharmacoEconomics 29: 579–599.
71. Venkatesh KK, de Bruyn G, Lurie MN, Mohapi L, Pronyk P, et al. (2010)
Decreased sexual risk behavior in the era of HAART among HIV-infected
urban and rural South Africans attending primary care clinics. AIDS 24(17):
2687–2696.
72. Bunnell R, Ekwaru JP, Solberg P, Wamai N, Bikaako-Kajura W, et al. (2006)
Changes in sexual behavior and risk of HIV transmission after antiretroviral
therapy and prevention interventions in rural Uganda. AIDS 20: 85–92.
73. Gill VS, Lima VD, Zhang W, Wynhoven B, Yip B, et al. (2010) Improved
virological outcomes in British Columbia concomitant with decreasing incidence
of HIV type 1 drug resistance detection. Clin Infect Dis 50: 98–105.
Expanding ART for HIV Treatment and Prevention
PLoS ONE | www.plosone.org 14 February 2012 | Volume 7 | Issue 2 | e3021674. Garnett GP, Baggaley RF (2009) Treating our way out of the HIV pandemic:
could we, would we, should we? Lancet 373: 9–11.
75. Bacaer N, Ouifki R, Pretorius C, Wood R, Williams B (2008) Modeling the joint
epidemics of TB and HIV in a South African township. Journal of Mathematical
Biology 57: 557–593.
76. Resch S, Korenromp E, Stover J, Blakley M, Krubiner C, et al. (2011) Economic
returns to investment in AIDS treatment in low and middle income countries.
PloS one 6: e25310.
77. Dodd PJ, Garnett GP, Hallett TB (2010) Examining the promise of HIV
elimination by ‘test and treat’ in hyperendemic settings. AIDS 24: 729–735.
78. Jones L, Akugizibwe P, Clayton M, Amon J, Bennett R, et al. (2010) Costing
human rights interventions as a part of universal access to HIV treatment and
care in a southern African setting. Current HIV Research 9. Available: http://
www.ttea.info/images/Granich_CHIVR_HR.pdf. Accessed 2012 Jan 16.
79. The Global Fund to Fight AIDS Tuberculosis and Malaria (2010) The Global
Fund to Fight AIDS Tuberculosis and Malaria Third Voluntary Replenishment
2011-203. Geneva, Switzerland.
80. Kahn JG, Marseille E, Auvert B (2006) Cost-effectiveness of male circumcision
for HIV prevention in a South African setting. PLoS medicine 3: e517.
81. Dunkle KL, Stephenson R, Karita E, Chomba E, Kayitenkore K, et al. (2008)
New heterosexually transmitted HIV infections in married or cohabiting couples
in urban Zambia and Rwanda: an analysis of survey and clinical data. Lancet
371: 2183–2191.
82. Williams B Spectrum model v 3.3 by Eleanor Gauss (UNAIDS) via personal
correspondence with Brian Williams on 03/03/10.
83. USAID (2009) AIM: A computer program for making HIV/AIDS Projections
and Examining the Demographic and Social Impacts of AIDS. UNAIDS
website. Available: http://data.unaids.org/pub/Manual/2009/20090414_aim_
manual_2009_en.pdf. Accessed 28 Dec 2011.
84. Kahn J, Harris B, Lugada E, Clasen T, Grabowsky M (2009) Integrated HIV
testing, malaria, and diarrhea prevention campaign in Kenya: cost-effectiveness.
Abstract LBPED06 Conference on HIV Pathogenesis Treatment and Preven-
tion. Cape Town. South Africa. IAS website. Available: http://www.iasociety.
org/Abstracts/A200722799.aspx. Accessed 28 Dec 2011.
85. Author CS Personal correspondence with Celicia Seranata (CDC) on 25/09/09,
29/09/09 and 25/11/09.
86. Author CH Personal correspondence with Charles Holmes on 28/08/09 and 6/
09/09.
Expanding ART for HIV Treatment and Prevention
PLoS ONE | www.plosone.org 15 February 2012 | Volume 7 | Issue 2 | e30216